Carbon aerogels (CAG) were synthesized by the pyrolysis of resorcinol-furfural based organic aerogels, derived from sol-gel polymerization of resorcinol and furfural using different catalysts followed by supercritical drying of as-prepared gels. Different catalysts viz. hydrochloric acid (HA), acetic acid (AcH) and hexamethylenetetramine (HMTA) of different concentrations were used for this purpose in order to study the role of different catalysts and the effect of R/C ratio (reactant to catalyst molar ratio) on the formation of organic gel monolith and their physical properties were investigated. Aerogels were thoroughly characterized by using CHN, FTIR, TG-DSC, XRD and SEM. A considerable reduction of gelation time and the formation of relatively denser organic gel were observed in the case of HMTA, which indicated the dual role (catalyst & cross-linking agent) of HMTA during the polymerization/polycondensation of resorcinol and furfural. Carbon aerogels obtained by using different catalysts showed BET surface area, average pore size, total pore volumes in the range of 438 -496 m 2 /g, 17.9 -22.4 Å and 0.20 -0.27 cm 3 /g, respectively. The SEM images and results revealed the presence of different morphologies of carbon aerogels, obtained by using different catalysts. The HMTA catalyzed samples were found to have highest surface area with particles in smaller in size and well interconnected 3D carbon network.
Introduction
Carbon aerogels are promising materials for gas storage, hydrogen gas in particular and hence their synthesis has received much attention recently [1] [2] [3] [4] , since hydrogen is supposed to be the future fuel for the next generation and has the potential to replace the conventional energy sources like coal and petroleum. For specific usage of hydrogen, fuel cells in particular, its storage is the main concern and has become challenging topic of current research [5, 6] . Out of several materials/techniques, such as pressure compression, liquefaction of gaseous H 2 , metal hydrides and inter metallic compounds, nanostructured carbon like carbon nanotube (CNT), graphite nanofiber (GNF), carbon aerogel (CAG), organometallic complexes, etc., have been investigated so far, and carbonaceous materials showed promising results [1] [2] [3] [4] [7] [8] [9] . Because of several outstanding physical properties of CAG, such as large specific surface area, high porosity, tunable pore sizes, light weight, etc., it possess more attraction to the researchers for gas storage applications. Apart from gas storage applications, CAG also have several attractive applications, such as active electrode material for supercapacitors, batteries, fuel cells, gas filtration membranes, reinforcing agents for natural rubber, light weight structural composites for space explorations, and so on [10, 11] . All these applications strongly depend on the structural and physico-chemical properties of the carbon aerogel and therefore, tuning of these properties through judicious selection of precursor materials and controlling of synthetic parameters are very critical for specific applications. It would be noteworthy to mention here that the tuning of these properties is possible by controlling the gel synthetic conditions, viz., precursor composition, nature of catalysts, presence of surface active agents (surfactants), drying procedure, etc., which have pronounced influence on the physical and chemical charac-teristics of final product (carbon aerogel) [12, 13] . Several reports are known for the synthesis of carbonaerogel from resorcinol-formaldehyde based organic gels [11, 12, [14] [15] [16] . Most of the reports described the various synthetic aspects of aerogel preparation and their physical properties. However, the preparation of carbon aerogel from other precursors, resorcinol-furfural is scanty [13, 17] and needs extensive study in order to use them as efficient hydrogen storage material. The properties like surface area, pore diameter, particle size etc. of the carbon aerogels are important properties, which can be controlled by the initial reactions conditions such as nature/concentration of catalyst and dilution during the organic gel formation. Even though numerous reports were published in regard to effect of catalyst concentrations on the final properties of carbon aerogel, the effect of different catalyst like HCl, acetic acid, and hexamethylene-tetramine demands detailed investigations. In addition, conventionally the low temperature supercritical drying (CO 2 extraction) technique is used to obtained organic aerogels, which is known to be a lengthy process and also require extensive solvent exchange operation. A comparatively easy supercritical drying (SCD) process was established and adopted in this study for obtaining organic aerogels, which is faster and do not involve rigorous exchange of pore liquid. In this context, this paper describes the synthesis of carbon aerogel from resorcinol-furfural precursor by using different catalysts through faster supercritical drying process. The effects of various catalysts and the amount of catalysts on the formation of organic gel network as well as their physical properties were studied and also reported in this paper.
Experimental

Materials
Resorcinol (1,3 dihydroxy benzene, 99%), furfural (98%), hydrochloric acid (HCl, 0.1 M), glacial acetic acid (AcH, 0.1 M), hexamethylenetetramine (HMTA, 0.1 M) and isopropyl alcohol (IPA, AR grade) were purchased from Merck India, Mumbai. All other chemical and solvents were AR grade commercial materials and were used asreceived without further purification.
Synthesis of Resorcinol-Furfural Aerogel and Carbon Aerogel
Resorcinol-furfural (referred as RFL) aerogels were prepared by sol-gel polymerization/condensation of resorcinol (referred as R) and furfural (referred as FL) in presence of catalyst in IPA medium followed by supercritical drying (above the critical conditions of IPA). Different catalyst such as HCl, CH 3 COOH, HMTA were used for the synthesis of RFL gels and several RFL gels were prepared by following a general procedure using R/FL molar ratio of 1:2 and different amount of catalysts refer as R/C ratio in the range of 50 -1000 as described below. Desired amount of catalyst solution was added to the mixture of resorcinol and furfural in IPA and the reaction mixture was stirred vigorously at 70˚C under refluxing condition. Reaction mixture was then transferred into the gel chamber and kept aside for gelation at 70˚C. Dark brown color organic gel was formed after 2 -5 days, which was then dried under the supercritical drying conditions of IPA using high pressure high temperature autoclave (Parr Instruments, USA) in order to obtain corresponding RFL aerogel. Sample obtained by using different catalysts were labeled as RFL-H, RFL-A and RFL-HM for HCl, acetic acid and HMTA respectively.
Carbon aerogels (CAG) of corresponding precursors were obtained by the pyrolysis of respective RFL aerogel at 950˚C under N 2 atmosphere. CAG sample were then crushed, ball milled and sieved through 105 µm mesh and labeled as CAG-H, CAG-A and CAG-HM as obtained from their respective precursors.
Characterization & Physical Measurements
Chemical composition of RFL aerogels were studied by using Vario E1-III CHNS analyzer and Perkin-ElmerSpectrum-400 FTIR coupled with Pike-Gladi ATOR ATR attachments. FTIR spectra were recorded in the range of 400 -4000 cm . Crystal structure of carbon aero-gel samples were studied using Bruker D-5005 X-ray powder diffractometer. Physical properties of aerogels were studied by N2 gas sorption analysis by using BET analyzer (NOVA 1200 Series, Quantachrome, USA). The gas sorption analyses (BET) were performed by using high purity nitrogen gas under liquid nitrogen temperature (77K) and samples were degassed at 150˚C for 3 h prior to the analysis. The Barrett-Joyner-Halenda (BJH) method was used for analysis of pore size distribution. Morphologies of different carbon aerogels were studied using JEOL JSM 5600 scanning electron microscopy (SEM).
Results and Discussion
Synthesis and Characterization of Aerogels
Resorcinol-furfural aerogels were prepared from resorcinol and furfural in presence of catalyst followed by supercritical drying of alcogels. Electrophilic aromatic substitution at its 2, 4 and 6 ring position of resorcinol allows the linkage with furfural leading to the formation of polymeric clusters having the high cross-linking densities. Consequently the condensation reaction in resorcinol-furfural precursors generates a three dimensional network via the formation of methylene and methylene ether bridges [13] . During the chemical reaction, furfural first forms a carbocation in presence of acid catalyst, which further reacts with electron rich carbon centre of resorcinol ring, yielding-CH(R)-O-C(R')H-bridged polymers (where R and R' is the resorcinol and furfural ring respectively). Formation of carbonium ion is therefore necessarily the first step for this polymerization reaction and the reaction between furfural and substituted resorcinol (-CH 2 OH groups) produces nanometer sized clusters by inter/intra cross-linking, whose size is generally governed by the nature/concentration of the catalyst. As the poly-condensation reaction proceeds, the colour of the gel changes from pale brown to dark brown. Entire reactions are found to have strong catalyst dependency (both nature of catalyst and its conc.). The base catalyst (say, HMTA) first deprotonates the OH group of the resorcinol and form R-O − , which facilitates the reaction between the aromatic rings and furfural.
It is interesting to note that at the early stage of formation, the clusters may not be inter connected and hence, sometimes it leads to the formation of colloidal suspension, which collide through Brownian motion and start aggregation. Such aggregation finally leads to the formation of relatively larger clusters. Figure 1 shows the effect of various catalysts and their amount on the formation of monolithic organic gels. It was observed that the time required for the formation of RFL cluster is faster in the case of high catalyst concentration (i.e., low R/C ratio), which was evidenced by the plot of gelation time vs. R/C ratio (Figure 1) . It was observed that the gelation time increased with decreasing the catalyst amount (increasing the R/C ratios), irrespective of nature of catalyst and HMTA showed fastest the gelation as compared to that of the other catalysts. This might be due to the fact that HMTA act as catalyst as well as cross linking agent on the formation of RFL monolithic gel. As stated earlier, the size of primary organic clusters depends on the reaction mechanism, which are governed by the nature & conc. of catalyst used. On the other hand, growth of clusters and formation of gel network structure depends on the rate of condensation, which are generally depends on the nature of functional group and the condensing agents, if any. Because of dual functionality of HMTA, HMTA enhanced the formation of alco-gel network via the stacking of organic clusters [12, 13, 17] .
Chemical compositions of different RFL aerogels were studied by elemental analyses in order to understand the presence of total carbon that formed the gel network. Results of elemental analysis are given in Table 1 . It was observed that RFL aerogel, obtained from HMTA consists of relatively high amount of carbon, which indicated that HMTA produced relatively more cross-linked gel network. The similar trend of having high carbon was also observed in the case of corresponding CAG samples obtained by using HMTA.
The chemical environment of RFL aerogels were studied by using FTIR and the spectra were recorded . FTIR spectra of RFL aerogel displayed several characteristic peaks, which were assigned to their respective vibrations. Three strong vibrations, observed at 1695, 1606, and 1469 cm −1 , were assigned to the stretching vibrations of >C=O, aromatic ring, O-CH 2 and C-CH 2 -C respectively. The peak, observed at 1440 cm −1 was assigned to the vibration due to C-H group of -CH 2 O-linkage. The vibrations at 960, 737, 803 and 839 cm −1 were assigned to the out of plane bending of -C-H-. Vibrations associated with the symmetric stretching of -C-O-C-and O-H group of CH 2 OH were also observed at 1110 and 1020 cm −1 [18] . The relative intensity of the bands, observed at 1690 cm −1 (assigned to >C=O) was found to be high for RFL-A (acetic acid catalyzed sample) as compared to that of other samples, which might be due to the combined effect of >C=O stretching frequency of the acetic acid and the furfural group.
Study of Crystal Structure of RFL Derived Carbon Aerogel by X-Ray Diffraction
Structure of different CAG, obtained from corresponding RFL precursors were evaluated by using powder XRD and the XRD patterns are shown in Figure 2 . Although the XRD patterns of different CAG samples were found to be almost identical, but displayed two broad peaks, centered at 2 = 23˚ & 43˚. These reflections correspond to the graphitic phase of carbon (JCPDS#22-1069).
Lattice parameters for the reflections are also calculated from the XRD results and they are a = 8.886  0.04 Å and c = 14.086  0.24 Å, which is found to be close to that of the reported values (a = 8.946 Å and c = 14.078 Å, JCPDS#22-1069). This indicates that carbon in carbon aerogels are crystalline material and have graphitic structure. Figure 3 shows the SEM images of different carbon aeroges, obtained by using different catalysts. The morphologies of CAG particles were found to be nearly spherical in shape and they were interconnected. Size of CAG particles in the case of acid catalyzed species was found to be bigger and non-uniform. On the other hand, size of CAG particle obtained from HMTA source was relatively smaller and were more interconnected. This might be due to more cross-linked structure caused by the higher cross-linking ability of HMTA [13, 17] and gives rise to the formation of smaller particles.
Studies of Physical Properties of RFL Derived Carbon Aerogels
Physical properties, especially the surface characteristics of resorcinol-furfural derived carbon aerogels were evaluated by nitrogen gas sorption studies using BET analyzer at 77 K. Results of BET analysis are given in Table  2 . Carbon aerogels showed BET surface area (BET-SA) and total pore volume (TPV) in the range of 438 -496 m range of 326 -418 m 2 /g and 0.13 -0.16 cm 3 /g. It was observed that CAG-HM, obtaining by using hexamethylenetetramine (HMTA) as the catalyst exhibited highest BET-SA of 496 m 2 /g, which might be due to the formation of smaller cluster during the gel formation, as evidenced from the corresponding SEM image (Figure  3(c) ). The BET surface area of carbon aerogels obtained by from resorcinol and formaldehyde system [11] using aqueous Na 2 CO 3 as catalyst was found to be 547 m 2 /g, which was slightly higher than that of the present system. Although the BET results were found to be slightly lower in this present study, however, the major advantage is the shortening of supercritical drying process, in which the lengthy process of solvent exchange is avoided by this new methodology and this is considered to be an important criterion for the product development. The study of gas sorption properties, especially the H 2 uptake is in progress and will be reported soon elsewhere.
Conclusion
Carbon aerogels were prepared from resorcinol and furfural using three different catalysts followed by supercritical drying of IPA conditions and by pyrolysis under inert conditions. The gelation time is faster in hexame-thylenetetramine. Among the carbon aerogels, hexamethylenetetramine catalyzed sample shows good physical properties in terms of their surface characteristics. As per the SEM images are concerned, the carbon aerogel, obtained from hexamethylenetetramine catalyzed reaction possesses dense interconnected network of carbon particles and hence possess high surface area than that of the acid catalyzed products. Moreover, this present methodology provides an easy and simpler technique for the preparation of carbon aerogels without rigorous exchange of pore liquid, generally employed prior to the supercritical drying. 
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